between physicochemical parameters and diatom as? semblages within these lakes (Hammer et al. 1983 , Hammer 1986 ).
The purposes of this study were (1) to identify those physicochemical factors that influence the community structure of diatom assemblages in saline lake ecosys? tems of western North America, (2) to determine if regional differences in chemical composition of saline lakes influence regional patterns of diatom community structure, and (3) to develop predictive indices for di? atoms, ionic composition, and salinity that could be employed by paleolimnologists and aquatic ecologists to assess and interpret past and present aquatic envi? ronments. It is proposed that diatom indicator species not only provide information to help interpret past and present salinity conditions in lacustrine ecosystems, but also yield cues to potential elevated salinities in aquatic environments due to regional and global warm? ing.
Materials and Methods
Forty-seven saline aquatic ecosystems were exam? ined for water chemistry and diatom assemblages in western USA and the interior of British Columbia, Canada during June-September 1989 (Table 1) . Twenty-one of these habitats were located in the Great Basin Desert and extending into the interior of southern Brit? ish Columbia, 12 in the semiarid Great Plains, 9 in the Chihuahuan Desert, and 5 in the Sonoran Desert. Water samples were collected (0.2-1 m in depth) from each habitat and filtered through a 0.45-/um membrane filter (Millipore HA). Samples were acidified (pH < 3.0) with concentrated nitric acid and analyzed for major cations (Na+*, K+l, Mg+2, Ca+2) by atomic absorption. Unacidified samples were used to determine S04~2, CI-1, reactive Si02, and total dissolved solids accord? ing to standard procedures in APHA (1985) . All mea? surements were completed within 2 mo of collection. Water temperature, pH, specific conductance (at 25?C), and alkalinity (HC03_1 and C03~2) were determined from unfiltered water samples at the time of collection in the field. Diatom assemblages were collected from natural substrata including epipelon (community as? sociated with sediment) and epilithon (community on rock surfaces) from at least five locations near the shoreline (0. where RA, = relative abundance (percent) of species x in habitat, / = percent composition (based on charge concentration) of specified ion, and N = number of habitats in which species x occurred. These indices (SCI and IonI) provided a relative numeric scale to evaluate various diatom taxa with selected physico? chemical variables (see Table 6 ). Only data from the 47 habitats in western USA and central British Colum? bia were used to develop these indices because ion data from Saskatchewan lakes were not collected concurrently with diatom samples. Indices were determined for specific conductance and major cations and anions for 62 ofthe most frequently encountered diatom taxa.
Specific conductance and ionic index values were employed in cluster analyses with 43 representative diatom taxa of the aquatic saline habitats. These taxa made up nearly 75% ofthe average relative abundance of diatoms in the saline lakes examined. Differences among groups were measured using Euclidean dis? tances.
Results
Chemical characteristics of lakes. ?The specific con? ductance of water in the various saline lakes examined (Table 1) , and therefore there was no significant correlation between latitude and spe? cific conductance (r = 0.071, P > .05). The most highly concentrated habitat examined was Patience Lake in southern Saskatchewan, Canada (300 mS), while the lake with the lowest ionic concentration was Crescent Lake, Nebraska (1.5 mS).
The dominant cation for the saline lakes examined in North America was Na+!, i.e., 81% ofthe lakes were dominated by sodium salts (Fig. 1, Table 1 ). This pat? tern was especially true for lakes located below 49? latitude, however aquatic habitats at higher latitudes in the Canadian provinces (Saskatchewan, Alberta, and British Columbia) were dominated by either Na+1 or Mg+2, (Fig. 2, Table 1 ). Lakes located in the sandhill region of northwestern Nebraska and eastern North Dakota had relatively high concentrations of K+1, while lakes in the Bottomless Lake district of southeastern New Mexico had relatively high concentrations of Ca+2 ions compared to lakes in other regions of North Amer? ica (Table 1 California, Nevada, and the sandhills of northwestern Nebraska to 7.6 for the NaCl(S04) lakes in southeastern New Mexico (Table 1) . Carbonate was the only ion that showed a significant correlation (r = 0.590, P < .01) with pH, and there was no significant relationship between pH and specific conductance ( efficients, all major ions except Ca+2 and C03~2 showed significant correlations with ionic strength for lake wa? ters examined in this study (Table 2 ). There were strong positive correlations between the monovalent ions of Na+!, K+!, CI-!, and HC03-!, as well as Na+! and the divalent ion of S04-2. There was also a strong positive correlation between Mg+2 and SCV2 ( Table 2) The principal components analysis (PCA) separated the major ions in the 47 saline aquatic habitats in western USA and British Columbia, Canada into three principal factors (Table 3 ). The three factors in the PCA accounted for 80% ofthe variation among major ions in the lakes studied. Factor one explained 36.7% ofthe variation in chemical composition of the lakes, while factors two and three explained 32.3 and 10.4%, re? spectively.
The first factor showed significant correlations (P < .05) with ions and had a highly significant correlation (r = -0.907, P < .001) with specific conductance. There were strong negative loadings for high concentrations ofNa+1, CI-1, HCCV1, and C03-2in factor one. Thus, habitats with high positive factor scores on factor one have low specific conductance, and habitats with high negative scores have high specific conductance. Factor two also showed significant correlations (P < communis, Navicula subinflatoides, and Nitzschia palea, each found in over 63% ofthe saline lake habitats (Table 4) .
There was a strong negative relationship (r = -0.754, P < .01) between specific conductance and H' diversity ( Lake, Saskatchewan (300 mS) had an H' diversity of 1.62 with four taxa, while Wakau Lake, Saskatchewan (2.9 mS) had an H' diversity of 5.54 and 88 taxa. Concentrations of sodium, CI-1, S04~2, and C03~2 showed a significant negative correlation with species diversity, while Na+1 and S04~2 showed a significant negative correlation with species richness (Table 2) . Habitats dominated by NaCl salts (specific conduc? tance = 44.7 ? 45.1 mS [X ? 1 sd], n = 14) had an average H' diversity of 3.22 and a mean of 40 taxa, while habitats dominated by Na2C03 (specific con? ductance = 38.5 ? 40.9 mS, n = 19) had an average H' diversity of 2.78 and a mean of 29 taxa. Habitats dominated by Na2S04 (specific conductance = 40.6 ? 54.6 mS, n = 28) had an H' diversity of 3.29 and an average of 28 taxa. There was no significant relation? ship between pH and species diversity or number of taxa (r = 0.301; P > .05) and only Anomoeoneis sphaerophora (r = 0.542; P = .05), Mastogloia smithii v. lacustris (r= ? 0.506; P < .05), and Mastogloia braunii Lakes with high negative loadings for factor one had low species diversity and a low number of taxa ( When factor two loadings for each lake are converted into absolute values, there is a significant correlation with number of taxa (r = 0.740, P < .01) and species diversity (r = 0.649, P < .01). Both species diversity and number of taxa were highest at intermediate load?
ings for factor two. Fig. 7 illustrates the relatively nar? row tolerance to loadings above and below interme? diate concentrations of MgS04 as represented by factor scores. Amphora coffeiformis, Synedra fasciculata, and Synedra pulchella showed significant positive corre? lations with factor two (high tolerance to MgS04) while Anomoeoneis costata, Anomoeoneis sphaerophora, Nitzschia communis, Nitzschia fonticola, and Nitzschia palea showed significant negative correlations (low tol? erance to loadings in factor two) (Table 5) .
There was no significant correlation between factor three and H' diversity (r = ? 0.045, P > .05) or number of taxa (r = 0.071, P > .05). Amphora arcus v. sulcata, Cyclotella meneghiniana, Entomoneis paludosa, En? tomoneis paludosa v. duplex, Eunotia sp., Mastogloia braunii, Mastogloia smithii v. lacustris, Navicula pseudocrassirostris, Plagiotropis arizonica, Surirella striatula, and Synedra radians had significant positive cor? relations with factor three. Nitzschia frustulum v. perpusilla, Synedra fasciculata, and Synedra pulchella showed significant negative correlations to factor three (Table 5) .
The specific conductance (SCI) and ion (IonI) indices ranked various diatom taxa according to their association with ionic strength and major cations and anions (Table 6 ). Therefore, taxa with the highest SCI values such as Amphora coffeiformis, Navicula subinflatoides, Nitzschia communis, Nitzschia frustulum v. perpusilla, and Synedra fasciculata are considered to be most tol- Cluster analysis of specific conductance indices (SCI) for selected diatom taxa illustrated two major groups.
Group one included taxa with SCI values <85, and formed five subgroups of diatom assemblages along a specific conductance gradient (Fig. 8) (Fig. 8) .
The diatom assemblage in group two (II) included taxa with SCI values >85.0 and was represented by Amphora coffeiformis, Navicula subinflatoides, Nitzschia communis, Nitzschia frustulum v. perpusilla, and Syn? edra fasciculata. This diatom assemblage is characterized as most indicative of habitats with high specific conductance and the most euryhaline because taxa within this assemblage occurred over the full range of ionic concentrations (1.5-300 mS).
The ion (IonI) indices provided instructive infor? mation on indicator taxa for selected ions (Table 6) (Table 6 ). Similar patterns are also shown for Ca+2 and Mg+2 (Table 6) (Table 6 ). Cluster analysis of specific conductance and anions (C03~2, S04~2, CI-1) showed close associations be? tween diatom taxa and anions (Fig. 9) . Taxa near the top of the dendrogram showed a strong association to S04~2 with Synedra pulchella being the most indicative of S04~2-dominated habitats (Fig. 9, Table 6 ). In con?
trast, taxa near the bottom ofthe dendrogram showed a strong association to CI-1, with Synedra radians the best indicator of CI-1-dominated habitats. The midportion ofthe dendrogram consisted of taxa (Anomoeo? neis sphaerophora, A. costata, and Campylodiscus clyp? eus) that were associated with relatively high concentrations of C03~2. The progression of taxa above this midpoint toward the top of the diagram showed an increased association with S04~2, while the taxa below the midpoint showed an increased association with CI-1 (Fig. 9, Table 6 ). Those taxa (Amphora arcus v. sulcata, Eunotia sp., Mastogloia spp., and Synedra radians) that were least associated with C03~2 are clustered near the bottom of the tree. Typically taxa at both ends of the dendrogram have higher SCI values than taxa near the middle of the dendrogram.
Discussion
Chemical features of lakes.? The chemical compo? sition of saline lakes in the interior regions of western North America shows a strong relationship to latitude, with lakes at higher latitudes (above 47?) dominated by Na2S04 and MgS04, and lakes at intermediate and low latitudes dominated by Na2C03 and NaCl (Fig. 2) Table 7 . Summary of Pearson correlations between diatom community structure (H' diversity and number of taxa) and specific conductance and various ion compositions for saline lakes in western North America.
Lake types
All lake types (n = 63) Lakes with specific conductance > 100 mS (n = 9) Lakes with specific conductance >75 mS (n = 12) Lakes with specific conductance > 50 mS (n = 19) Lakes with specific conductance >25 mS (n = 30) NaCl lakes (all concentrations) (n = 20) Na2S04 lakes (all concentrations) (n = 24) Na2C03 lakes (all concentrations) (n = 19) *P < .05, **P < .01. On the other hand, the anion proportions for saline lakes above 47? N, with relatively lower evaporation-to-precipitation ratios, are S042 > CI1 > C032 (Fig. 2) . Anion proportions for freshwater lakes are C03~2 > S04~2 > CI-1 (Cole 1983 ).
The relative proportion of cations in athalassic saline lakes are Na+1 > or < Mg+2 > K+1 > Ca+2, with Na+1 the dominant ion in 81% ofthe habitats, compared to Ca+2 > Mg+2 > Na+1 > K+1 for freshwater environ? ments (Drever 1988 ). The proportions of cations in saline lakes are, to a large part, the same as those in seawater.
Therefore, the wide range of relative ion proportions (especially anions) in saline lakes throughout North America results, in large part, from the differential pre? cipitation of ions due to differences in ratios of evap? oration to precipitation (Drever 1988 ). Clarke (1924) states that under high evaporation rates, CaC03 precipitates first, allowing S04-2 and CI-1 to concentrate. As erosion of sedimentary deposits increases dissolved Ca+2 levels, CaS04 precipitates, while CI-1 remains in solution.
The average specific conductance ( port a significant negative relationship for saline lakes in western North American between specific conduc? tance and diatom community structure at several rang? es of specific conductance and for several ionic compositions (i.e., NaCl, Na2S04, Na2C03). Table 7 summarizes Pearson correlations for diatom community structure and various levels of specific con? ductance and ion composition. All levels of specific conductance show a significant negative relationship with H' diversity except for those lakes > 100 mS. It should be noted, however, that the relationship be? tween specific conductance and H' diversity is strongest at low ranges of specific conductance, because cor? relation values progressively decrease with an increase in specific conductance (Table 7) .
In addition to physiological constraints, low species diversity in saline lakes may be influenced by the fact that there are significantly fewer highly saline lakes than freshwater ponds and lakes throughout North America. Less than 27% of the saline lakes examined had specific conductance values >50 mS; approximate conductance above which species number remains low (Fig. 5) . It is well established that numbers of species Ecology, Vol. 74, No. 4 increase as colonization area increases (Begon et al. 1990 ). Perhaps saline lakes provide models to further test hypotheses on colonization, community structure, extinction, and island biogeography. The lack of significant correlations between pH and H' diversity and number of taxa, and the fact that only two species (Anomoeoneis sphaerophora and Masto? gloia braunii) show a significant correlation with pH suggests that specific conductance and/or ionic com? position overrides any effect of pH on diatom com? munity structure in saline lakes. The saline lakes in this study were typically well buffered: concentration of CaC03 = 124.2 ? 254 meq/L (mean ? sd), with an average pH of 8.9 ? 0.6 ranging from 7.6 to 10.0.
Servant-Vildary
and Roux (1990) also reported that ionic elements were more important than pH for di? atom community structure in saline lakes in southern Bolivia.
The lack of correlation between pH and distribution of diatoms in saline lakes may suggest that diatoms are more sensitive to variation in pH from neutral to acid, rather than near-neutral to basic. Charles (1985) Therefore, diatom taxa provide useful indicators of specific anions. As outlined in Table 6, (Fig. 7) . These data indicate that diatoms are sensitive to MgS04 concentration, and that speciation in habitats that deviated from these intermediate con? centrations was limited. Ion index (IonI) values further suggest that salt lake diatom assemblages are a result of invasions from ma? rine environments.
Ion indices for diatoms (Table 6 ) indicate that nearly 73% of the 62 diatom taxa that were important in saline lakes show a strong associa? tion with CI-1, while only 56 and 6.5% show strong associations with S04~2 and C03 2, respectively. Carbonate ions, the anion of lowest proportion (0.6%) in seawater, appear to be the most restraining to diatom community structure. Finally, lakes dominated by NaCl have a higher average number of taxa (40) compared to lakes dominated by Na2C03 (29 taxa) and Na2S04 (28 taxa).
Therefore, marine and estuarine diatom taxa may have been most successful in the invasion of shallow saline environments dominated by NaCl, while speciation was more limited in those environments that deviated from the ionic proportions of seawater, i.e., Synedra shows the greatest divergence in habitat occupation in the saline lakes because different taxa rep? resent extremes in their association with anions. Syn? edra fasciculata, and especially Synedra pulchella, show a close association with S04~2-dominated habitats, while Synedra radians shows a close association with Cl~! -dominated habitats (Fig. 9) . The physiological ad? justments by Synedra to monovalent and divalent an? ions needs laboratory experimentation.
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